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Introduction  24 
This supporting information provides supplementary texts, figures and tables, which further 25 
describe experimental conditions, instrument operation and data analysis.  26 
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Text S1. Uncertainty analysis 27 
Nitrate equivalent mass concentrations of non-OA CO2+ during seed-only periods in AS- and SN- 28 
seeded experiments were compared (Figure S1). CE=1 is applied to all the datasets. Nitrate 29 
related signals, NO+ and NO2+, are shown in blue; and sulfate related signals (S+, SO+, SO2+, SO3+ 30 
and HSO3+) are shown in red. As indicated in Figure S1, non-OA CO2+ (green axes) contributes 31 
to about only 1% of the total inorganic nitrate or sulfate by mass under various seed 32 
concentrations. Pieber et al. [2016] demonstrated that the significance of interference of non-OA 33 
CO2+ signal is strongly dependent on the instrument history. Non-OA CO2+ in our datasets is close 34 
to the lower bound of the range of 0.4%-10.2% as suggested by the reviewer, likely because the 35 
Caltech Chamber AMS was never used in field measurement; thus the vaporizer is less 36 
contaminated by crustal organic materials [Pieber et al., 2016]. Hence, the results for the SN- 37 
seeded experiments are less likely to be affected by the nitrate induced non-OA CO2+. 38 
In addition, following the method in Pieber et al. [2016, supporting information], we estimated 39 
the error introduced by the non-OA CO2+. Higher seed concentration will induce a larger bias on 40 
the elemental ratios. We used the highest ratio of anion mass/OAtrue from the high seed 41 
experiments to obtain an upper bound of the uncertainty. The following elemental ratios from the 42 
nucleation experiments are used in the error estimates:  43 (𝑂:𝐶)!"#$ = 0.5; (𝐻:𝐶)!"#$ = 1.56; 𝑅𝑎𝑡𝑖𝑜 = !"#$"  !"##!"!"#$ = 3.89; 44 
Detailed calculations are shown in Pieber et al. [2016, supporting information]. We only show 45 
the results here: 46 
                     (𝑂:𝐶)!"#$%& = (!!"#$!!_!")(!!"#$!!_!") = 0.544; 47 
                  (𝐻:𝐶)!"#$%& = (!!"#$!!_!")(!!"#$!!_!") = 1.54; 48 
The uncertainty induced by the non-OA signal is: 49 𝑏𝑖𝑎𝑠  𝑜𝑛  (𝑂:𝐶)!"#$ = 1 − !:! !"#$%&!:! !"#$ = −8%; 50 𝑏𝑖𝑎𝑠  𝑜𝑛  (𝐻:𝐶)!"#$ = 1 − !:! !"#$%&!:! !"#$ = 3%; 51 
The uncertainty for O:C and H:C reported in Canagaratna et al. [2015] is close to ~12% and 52 
~4%, respectively. The overall uncertainty of the elemental ratios are propagated:    53 𝑂:𝐶 !"#$% = (−8%)! + (−12%)! = 14%;                                                       54 
 𝐻:𝐶 !"#$% = (3%)! + (4%)! = 5%; 55 𝑂𝑆𝑐 !"#$% = (14%)! + (5%)! = 15%; 56 
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The uncertainty of OSc for the nucleation experiment is: 57 𝑂𝑆𝑐 !"#$% = (12%)! + (4%)! = 13%; 58 
Overall, the uncertainty for the OSC including the potential bias introduced by non-OA CO2
+ is 59 
15%, comparable to the original uncertainty 13%. 60 
Text S2. UPLC/ESI-Q-ToFMS analysis 61 
Offline sampling started when organic aerosol concentrations as measured on-line by AMS 62 
reached the highest level. Chamber generated SOA is collected by an impactor. For each 63 
experiment, the impactor was operated for 13 h for AS experiments or 16 h for SN experiments. 64 
Impactor samples were extracted with a 1:1 (v/v) solvent mixture of acetonitrile and water. The 65 
extracts were analyzed by WATERS ACQUITY UPLC I-Class System, coupled with a 66 
Quadrupole Time-of-flight Mass Spectrometer (Xevo G2-S QToF) and equipped with an 67 
electrospray ionization (ESI) source (UPLC/ESI-ToFMS), operated in negative ion mode. 68 
Optimum ESI conditions were established as: a 2000V capillary voltage, 120 °C source 69 
temperature, 500 °C desolvation temperature, 40 L h-1 cone gas flow, and 900 L h-1 desolvation 70 
gas flow. The ESI-ToFMS acquired mass spectra from m/z 15 to 1500. The chromatographic 71 
separations were carried out using a Waters ACUITY UPLC column (2.1 × 50mm, BEH C18, 72 
1.7µm particle size) at 45 ˚C. The mobile phase consisted of eluent (A) 0.1% formic acid and 1% 73 
ACN in water and eluent (B) ACN. The 12 min gradient elution program was as follows: the 74 
concentration of eluent B was 0% for the first 2 min, increased to 90% from 2 to 10 min, held at 75 
90% from 10 to 10.2 min, decreased back to 0% from 10.2 to 10.5 min, and then held at 0% from 76 
10.5 to 12 min. Flow rate and sample injection volume were 0.3ml min-1 and 10 µl, respectively. 77 
Leucine encephalin  (m/z 556.2771 [M+H]+) was used as a LockSpray compound to provide a 78 
LockMass for accurate mass measurements. Data were acquired and analyzed by MassLynx 79 
V4.1. UPLC/(-)ESI-Q-ToFMS.  80 
Molecular structure elucidation of each ion is based on the first order (-) ESI mass spectra and 81 
fragmentation characteristic in the MS/MS spectra. Figure S2 shows the UPLC/(-) ESI-Q-ToFMS 82 
Base Peak Chromatograms (BPCs) for the offline samples under different AS- or SN- seedeed 83 
conditions, respectively. They are produced from loss of one hydrogen atom in the negative mode 84 
of electrospray ionization. The dominant ions include m/z 185 (retention time, RT 4.34 min), m/z 85 
357 (RT 5.33 min), m/z 299 (RT 5.78), m/z 367 (RT 5.98 min) and m/z 271 (RT 6.45 min). The 86 
less abundant ions that are not present apparently on the BPCs are listed in Table S2. Among 87 
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them, m/z 247 (RT 4.54) is an organosulfate, C10H15O5S, which only presents in AS seeded 88 
experiments.  89 
The ionization efficiency of each compound depends strongly on its physicochemical properties. 90 
Briefly, the ionization efficiency of pinonic acid is obtained directly from the calibration curve of 91 
commercially available cis-pinonic acid standard. The ionization efficiency of other products is 92 
estimated by fitting a linear model developed by Kruve et al. [2014] and has been detailed in 93 
Zhang et al. [2015]. Product identities and normalized concentrations in aqueous extracts are 94 
summarized in Table S2 and Figure 3. Two types of products, monomers and dimers, are 95 
identified in offline analysis during the course of the reaction. Monomers, the mono/di-carboxylic 96 
acids, fall into semi-volatile (SVOCs) range with C* of 0.3 - 300 µg m-3 (except C10H16O6, which 97 
falls in the LVOC range with C* of 3×10-4 - 0.3 µg m-3). All the dimers are ELVOCs with C* < 98 
3×10-4 µg m-3.  99 
Text S3. GC/MS analysis 100 
Gas Chromatography/Mass Spectrometry (GC/MS), an Agilent 6890 GC, coupled with an 101 
Agilent 5973 MSD operated in electron impact (70 eV) ionization mode, was used to identify 102 
acetic acid. Before injection, samples were acidified to pH ~1 by 0.01M HCl and analyzed using 103 
an Agilent 6890 GC, coupled with an Agilent 5973 MSD operated in electron impact (70 eV) 104 
ionization mode. Gas separation was achieved on a Zebron ZBWAX capillary column (30m × 105 
250 µm, 0.25µm film thickness). Temperature program was as follows: hold at 60 ˚C for 2 min; 106 
temperature ramp of 8 ˚C/min up to 100 ˚C; then second temperature ramp 20 ˚C/min up to 230 107 
˚C and hold for 3 min. Acetic acid was identified by searching for characteristic ions, such as, m/z 108 
60, 45 and 43. Chromotagrams and mass spectra for acetic acid standard and sample are shown in 109 
Figure S7. 110 
Text S4. Surface analysis by Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 111 
Droplets containing 25 µL of AS (100 mM), or SN (100 mM) were deposited onto a silicon wafer 112 
coated with Au by an autopipette and dried for 2 h using high purity N2 gas. The volume of the 113 
solution for each droplet is 1 µL. The VOC vapor (acetic acid) at ∼1 ppmv was introduced to the 114 
cells containing the substrates and particles at a flow of ∼1 L/min to react for around 17 h. The 115 
high purity N2 gas is used as the carrier gas and the VOC concentration was measured online by 116 
IMR-MS. The schematic of the gas-particles experiments is illustrated in Figure S9. After the 117 
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reaction, particles on the substrate were immediately and directly analyzed by Time-of-Flight 118 
Secondary Ion Mass Spectrometry (ToF-SIMS). 119 
ToF-SIMS depth profiling was performed on a ToF-SIMS V instrument (ION-TOF GmbH, 120 
Münster, Germany) equipped with a Cs+ ion source for abrasion and a Bi3+ liquid-metal ion 121 
source for analysis at a pulsed current of 0.3  pA and optimized for best mass resolution. Each 122 
imaging scan contained 128 × 128 pixels. A focused 3-keV Cs+ beam at 45° angle of incidence, 123 
rastered over an area of 800 µm × 800 µm at a current of 0.6 nA, was used to sputter through the 124 
particles. This process was monitored in real time by recording a depth profile over an analysis 125 
area of 60 µm × 60 µm at the center of the sputtered region.  126 
Text S5. Estimation of timescale of vapor-particle and vapor-wall partitioning 127 
The quantity τv,p (timescale of vapor-particle partitioning) can be expressed as [Seinfeld and 128 
Pandis, 2016] : 129 
τv,p =  (2πNpDp𝒟g f (Kn, αp))-1; 130 
where Np is the total number concentration of suspended particles, Dp is the number mean particle 131 
diameter, 𝒟g is the gas-phase diffusion coefficient of a representative vapor molecule, Kn (= 132 
2λ/Dp) is the Knudsen number, and f (Kn, αp) is the correction factor for non-continuum diffusion 133 
and imperfect accommodation. For a given particle size distribution, τv,p is essentially governed 134 
by the vapor accommodation coefficient on particles, αp, which encompasses the transport 135 
resistances across the vapor-particle interface and into the particle phase itself. Values of αp for α-136 
pinene SOA reported from previous studies range from 0.01 to 0.1 [Grieshop et al., 2009; Saleh 137 
et al., 2013; Stanier et al., 2007; Vaden et al., 2011].  138 
An expression for the timescale associated with vapor-wall equilibrium partitioning (τv,w) is given 139 
by Zhang et al. [2015b]: 140 
τv,w=
1
A
V
αwv/4
παwv/8(𝒟gKe)1/2 +1 1+C*Cw  ; 141 
where A and V are the surface area and volume of the chamber, respectively, Ke is the coefficient 142 
of eddy diffusion in the chamber, αw is the vapor accommodation coefficient on the chamber wall, 143 
v is the species mean thermal speed, C* is the mass saturation concentration of the vapor species, 144 
and Cw is the mass concentration of absorbing organic material on the wall. Analogous to the 145 
treatment of vapor-particle partitioning, the single parameter, αw, encompasses the mass transfer 146 
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resistances at the vapor-wall interface as well as in the wall layer itself. The parameter αw can be 147 
predicted based on the inverse dependence of αw on C* [Zhang et al., 2015b].  148 
 149 
Text S6. PMF analysis 150 
We generated the organic data matrices and the corresponding error matrices from AMS software 151 
(PIKA V1.15D). High-resolution ion fragments at m/z from 12-220 were used. The error matrices 152 
are pre-treated using the PMF Evaluation Toolkit (PET) following the procedure described in 153 
Ulbrich et al. [2009]. Variables with a signal-to-noise (SNR) ratio less than 0.2 (“bad” variables) 154 
were removed and variables with SNR ranging between 0.2 and 2 (“weak” variables) were 155 
downweighted by a factor of 2. Since O+, HO+, H2O+ and CO+ are related proportionally only to 156 
CO2+ in the fragmentation table, the error values for each of these m/z were multiplied by sqrt (5) 157 
to avoid excessive weighting of CO2+ as prescribed by Ulbrich el al. [2009]. The data were 158 
analyzed using the PMF2 algorithm [Paatero et al., 2002] with fpeak varying between -1 and 1. 159 
The PMF results are explored using the PMF Evaluation Tool in Igor Pro developed by Ulbrich et 160 
al. [2009] (PET, Version 2.06, http://cires1.colorado.edu/jimenez-group/wiki/index.php/PMF-161 
AMS_Analysis_Guide).   162 
The PMF solution was carefully evaluated according to the procedures outlined in Zhang et al. 163 
[2011]. The key diagnostic plots of the PMF analysis on the high-resolution organic mass spectra 164 
for all data sets are shown in Figure S4a (high SN seed), Figure S4b (high AS seed), Figure S4c 165 
(medium AS seed, two-factor solution) and Figure S4d (medium AS seed, three-factor solution). 166 
Each figure contains the following plots: (1) Q/Qexp vs. number of factors; (2) Q/Qexp vs. 167 
FPEAK for the solution with optimal number of factors; (3) the distribution of scaled residuals 168 
for each m/z; (4) the time series of the measured and the reconstructed organic mass; (5) the time 169 
series of Q/Qexp; (6) the Q/Qexp values vs. m/z; (7) mass spectra of OA factors from current 170 
PMF solution; (8) time series of OA factors from current PMF solution. 171 
For each dataset, the optimal solution was determined after examing the residuals of PMF fits. 172 
For both high AS and SN seed experiments, Q/Qexpected decreased from p=2 to p=3. After p=3, 173 
the decreases in Q/Qexpected are small. Adding more factors does not provide more information 174 
in minimizing the residual. The rotational ambiguity of solutions was examined by changing the 175 
parameter FPEAK, and the robustness of solutions was evaluated by starting PMF with different 176 
initial conditions (parameter SEED). An FPEAK value of 0 was used for all data sets in the PMF 177 
analysis on organic mass spectra because the use of FPEAK values that are different from 0 do 178 
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not significantly change the Q/Qexpected values in different experiments, except in high AS seed 179 
condition where -0.2 is chosen as minimum Q/Qexpected occurred at fpeak=-0.2. 180 
Unlike the high seed experiment where the Factor 1H_SO4 and Factor 1H_NO3 can be clearly 181 
resolved, we cannot resolve Factor 1H_SO4-like factor from medium seed experiments. This is 182 
probably due to the lower mass contribution of the more highly oxidized species compared with 183 
the SVOCs as explained in the main text, so that PMF has difficulty in separating the Factor 184 
1H_SO4-like factor. In Figure S4c and Figure S4d, we showed two-factor and three-factor solutions 185 
for the same medium AS seed experiment. Adding one more factor from two to three, we find 186 
small improvements in residuals. Given that higher factors yield no meaningful results, we 187 
conclude that a two-factor solution is sufficient to describe the variation in organic composition in 188 
medium seed condition. 189 
Bootstrapping is performed for the current PMF solution to evaluate the statistical uncertainty of 190 
the candidate solution and bootstrapping results are shown in Figure S5 a-c. We made assessment 191 
of the uncertainty of the factors with 100 bootstrapping runs [Norris et al., 2008; Ulbrich et al. 192 
2009]. Black lines in time series (TS) and black sticks in mass spectra (MS) represent the PMF 193 
candidate solution. Overall, the PMF solutions show a similar range in MS and TS to the 194 
bootstrapping 1-σ variation bars. The TS for three-factor solution under high AS- seeded 195 
condition shows some uncertainty. This is not surprising since a relatively low precursor 196 
concentration is used here compared with previous chamber studies (e.g., Craven et al., [2011]). 197 
The TS might change more when more factors were split out to obtain the minimum residuals. 198 
The bootstrapping analysis shows our current PMF solution is reasonably robust and appropriate.  199 
Bootstrapping is also performed for three-factor solution for the medium seed experiments to 200 
examine if a three-factor solution is appropriate for medium seed condition. Bootstrapping results 201 
are shown in Figure S6. AS the separated Factor 3 in Figure S6 is dominated by spikes and anti-202 
correlated with Factor 2, which might due to the over separation of the matrix. No obvious 203 
improvement in smoothing the spikes was observed even after bootstrapping. We conclude that 204 
Factor 3 in three-factor solution of medium AS-seeded experiments represents an artificial 205 
“splitting” of the solution. Given that the separated third factor is unlikely to be physically 206 
meaningful, the two-factor solution is believed to be most appropriate for the medium seed 207 
condition.  208 
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 209 
Figure S1:  Non-OA CO2+ and major inorganic signals for the seed only periods.  210 
(× represent inorganic sulfate related fragments, S+,SO+SO2+,SO3+,HSO3+) 211 
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 212 
 213 
Figure S2 UPLC/(-)ESI-Q-ToFMS Base Peak Chromatograms (BPCs) of low, medium 214 
and high, left panel: AS- seeded experiments; right panel: SN- seeded experiments 215 
 216 
Figure S3 OSC of pinic acid mixed with AS or SN 217 
 218 
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 219 
Figure S4a Three-factor solution for high SN- seeded experiment 220 
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 221 
Figure S4b Three-factor solution for high- AS seeded experiment 222 
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 223 
Figure S4c Two-factor solution for medium AS- seeded experiment 224 
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 225 
Figure S4d Three-factor solution for medium AS- seeded experiment 226 
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 227 
Figure S5a Results from bootstrapping analysis of the three-factor solution of high SN- 228 
seeded experiment 229 
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 230 
Figure S5b Results from bootstrapping analysis of the three-factor solution of high AS- 231 
seeded experiment 232 
 233 
Figure S5c Results from bootstrapping analysis of the two-factor solution of medium AS- 234 
seeded experiment 235 
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 236 
Figure S6 Results from bootstrapping analysis of the three-factor solution of medium AS 237 
seeded experiment 238 
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 239 
Figure S7 Chromatograms and mass spectra for standard (upper panel) and the sample 240 
from SN- seeded experiment (lower panel) 241 
 242 
Figure S8 High-resolution organic mass spectra of high AS- (upper panel) and high SN- 243 
(lower panel) seeded experiments 244 
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 245 
 246 
Figure S9 Schematic of gas-particle experiments  247 
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Table S1: Summary of experimental conditions 248 
249 Expt. 
# 
VOC system VOC reacted 
(ppb) 
O3 injected 
(ppb) 
Seed type Surface area 
(µm2cm-3) 
Seed vol. 
(µm3cm-3) 
RH 
(%) 
1 α-pinene+O3 50 100 (NH4)2SO4 1175.7 32.8 <5 
2 α-pinene+O3 50 100 (NH4)2SO4 2916.4 119.8 <5 
3 α-pinene+O3 50 100 (NH4)2SO4 4930.6 270.3 <5 
4 α-pinene+O3 50 100 (NH4)2SO4 5769.2 319.5 <5 
5 α-pinene+O3 50 100 NaNO3 741.9 19.8 <5 
6 α-pinene+O3 50 100 NaNO3 2337.3 93.5 <5 
7 α-pinene+O3 50 100 NaNO3 6500.2 337.1 <5 
8 α-pinene+O3 50 100 Nucleation -- -- <5 
20	  	  
Table S2: Tentative assignments of major UPLC/ESI-ToF-MS peaks observed in α-250 
pinene SOA 251 
Measured 
[M-H]- PPM 
Retention 
Time (RT, min) 
Molecular  
Formula 
Tentative 
 assignment 
Proposed Structure in 
literature 
171.0652 -2.9 3.95 C8H12O4 
Terpenylic acid 
[Claeys et al., 2009] 
 
183.1023 1.1 4.95 C10H16O3 
Pinonic acid 
[Yu et al., 1999] 
 
185.0814 0 4.34 C9H14O4 
Pinic Acid 
[Ma et al., 2007] 
 
189.0745 5.3 3.41 C8H14O5 
Diaterpenylic acid 
[Yasmeen et al., 2010] 
 
197.081 -2.0 7.5 C10H14O4 Oxopinonic acid  
199.0977 3.5 
4.88 
C10H16O4 
10-hydroxypinonic acid 
[Eddingsaas et al., 2012] 
 
4.06 
231.0876 3.0 
4.11 
C10H16O6 
Diaterpenylic acid acetate 
[Claeys et al., 2009] 
 
4.49 
247.0633 -2.8 4.53 C10H16O5S 
OS 
[Eddingsaas et al., 2012] 
 
271.1530 -5.5 6.45 C14H24O5 Unknown -- 
299.1522 9.0 5.78 C15H24O6 Unknown -- 
329.1611 3.3 5.48 C16H26O7 
Unknown 
[Gao et al., 2004] -- 
337.1672 -4.7 6.2 C18H26O6 
Unknown 
[Yatavelli et al., 2012] -- 
21	  	  
Table S2 Continued 252 
343.1401 2.3 
5.05 
C16H24O8 
Pinyl-diaterebyl ester 
[Yasmeen et al., 2010] 
 
5.42 
357.155 10.4 5.32 C17H26O8 
Piny-diaterpinyl dimer 
[Yasmeen et al., 2010] 
 
367.176 1.1 5.98 C19H28O7 
Pinonyl-Pinyl ester 
[Muller et al., 2008] 
 
377.1454 1.6 5.16 C16H26O10 Unknown -- 
399.1628 3.5 5.74 C19H28O9 
Unknown 
[Jokinen et al., 2015] -- 
  253 
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